Introduction.
A recent trend in biological research is the characterization of single molecules. Because the small size of these molecules limits direct optical observation, indirect observation methods can be applied by manipulating attached dielectric objects with optical tweezers or observing fluorescent dye molecules attached to the specimen molecule. There is another unique way to detect a single molecule which was introduced recently: using biological ion channels [1, 2] . Measuring the ionic current through the electrically biased channel allows the detection of individual translocating DNA molecules.
We have developed nanometer-scale solid-state pores (nanopores) with the aid of Si based nanofabrication to replace the biological ion channel [3] . Quite recently we were able to identify double stranded (ds) DNA translocations through the solid-state pore. This detection method allowed us to distinguish the length of dsDNA as well as its folding configuration in the pore [ 4 ] . The advantages of the solid-state nanopore composed of Si 3 N 4 are the following: First, the robust Si 3 N 4 can allow broadening the experimental conditions, e.g. temperature, pH, and ionic concentration. Secondly, it allows us the possibility of electrode fabrication aligned with the nanopore for tunneling measurements of translocating molecules.
In this presentation, we describe the fabrication of solid-state nanopores and show ionic current measurements of DNA translocation through the pore. We also discuss surface modification of the pores by atomic layer deposition (ALD) and its effects on the measurements [5] .
Experiments, results and discussions.
Si(100) wafers with a submicron thickness of Si 3 N 4 grown by low pressure chemical vapor deposition were used. A 20 µm x 20 µm Si 3 N 4 membrane was created by photolithography followed by chemical etching of the Si substrate. The nanopore is then fabricated on this membrane. A 100 nm diameter pore is made with a focused ion beam (FIB) followed by 3 KeV Ar + ion beam exposure on the pore to reduce the diameter. A detector positioned behind the pore measures the instantaneous number of Ar + ions passing through the pore. Because this count rate is linearly proportional to the area of the pore, we can evaluate the size of the pore in real time to create pores of any desired Fig. 3a ) has also been decreased by the ALD coating.
diameter [3, 6 ] . The pore size is accurately evaluated by transmission electron microscope (TEM) as seen in Fig. 1 . Experiments measuring DNA translocations through solid-state nanopores were performed using the experimental setup shown as a schematic in Fig. 2a . Two chambers filled with a conducting electrolyte solution are separated by a chip containing the nanopore. An applied electric potential difference between the two chambers drove the DNA from lower to higher potential (DNA molecules are negatively charged in the 1 M KCl, 10 mM TRIS-HCl, pH 8.0 solutions used in these experiments). Analogous to the ion channel experiments [1] , the ion current flowing through the 3 nm diameter nanopore is partially blocked when 3-kilobase (kb) ds DNA passes through the pore, as seen in Fig.  2b and 2c . Each event appears as a 120 pA current drop when a 120 mV bias is applied. Fig. 2c is a typical current trace created when a DNA molecule translocates the nanoscale pore. This trace reveals a molecule that passes the pore in a straightforward linear manner. We can also distinguish molecules that pass in a more complicated fashion. Fig. 2d . shows a schematic of a 50-kilobase (kb) ds DNA translocating with a folding configuration beneath the corresponding current trace. When the pore diameter is more than 10 nm, the folding configuration is more frequently observed. This is because there is more chance for the center rather than the end of the DNA to be pulled and passed through by the electric field gradient near the pore, and the size of pore is large enough to allow the DNA to pass through in a folded configuration. See ref. 4 for more detail.
ALD is a technique to grow thin films layer by layer. Well-defined ALD coating on the nanopore works not only to tune the diameter of the pore, as shown in Fig. 3 , but also to increase the thickness of the pore membrane [5] . Fig.  3a shows a 20 nm pore fabricated by ion beam sputtering. After ALD coating of 7 nm of Al 2 O 3 layers, the diameter of the nanopore closes down to 5 nm, and the larger preexisting FIB pore diameter is also reduced nearly 20 nm as seen in Fig. 3b . Compared to an uncoated nanopore, ALD tuned pores often show reduced 1/f noise in the ionic current through the pore. Another advantage of using ALD on the nanopore is controlling surface chemistry, as one can change the surface material by choosing appropriate precursors.
Conclusions
We are able to fabricate nano-scale pores in a Si 3 N 4 membrane by aid of ion beam sculpting. Because of the small size of the pores, it is possible to observe the translocation of single DNA molecules by measuring the ionic current through the pore. We also found that the ALD is useful to tune the diameter of the pore and often to reduce 1/f noise. Fabrication of tunneling electrodes or an optical system near the pore could allow the measurement of other spectroscopic signals simultaneous to translocation. This brings the promising possibility of acquiring further information about a single molecule, for example discrimination of bases. a b
